Abstract. In this paper, we state the phenomenon of Pay Bursts Only Once in communication networks and propose a routing algorithm to guarantee endto-end delay. Our idea is based on consider an end-to-end route as one concatenation system rather than the aggregation of several separate systems. We provide an algorithm to compute the delay bound under Pay Bursts Only Once phenomenon and compare it with other algorithms. The evaluation result show the algorithm is efficient in this case.
Introduction
Sensor Networks contain many distributed sensors to monitor physical conditions, such as temperature, pressure, etc. A Sensor Network typically consists of several sensor nodes and one gateway. Each sensor node has embedded processors, limited memory, low-power radio and one or more sensors. Due to the low-power and limited energy, the sensor nodes transmit messages to the gateway in a multi-hop network. The routing problem, which is the process of selecting paths to optimize the network, is a basic and important issue in sensor networks. However, a phenomenon called the Pay Bursts Only Once (PBOO) is known that the end-to-end delay is always smaller than the sum of delay of every hop of the route [1] . It is to say that traditional delay guarantee routing algorithms which have the aim to minimum the sum of delay of every hop cannot generate the minimum end-to-end delay. Network Calculus [2] [3] is a set of mathematical results which give insights into man-made systems such as concurrent programs, digital circuits and communication networks. Network calculus gives a theoretical framework for analyzing performance guarantees in networks and it is suitable in sensor networks. Network calculus can formulate the Pay Busts Only Once phenomenon as a mathematical problem and explain the phenomenon well, so we propose a routing algorithm which introduces some of the results of Network Calculus to get more accurate end-to-end delay in sensor networks.
The paper is organized as follows. In Section 2 we summarize routing algorithms of minimize delay of previous works. Section 3 gives a brief introduction of Network Calculus, which is a mathematical tool we use in this paper. We state the problem we solved and some reasonable assumptions in Section 4, and provide the algorithm to guarantee end-to-end delay. The evaluation is presented in Section 5. We conclude and propose future work in Section 6.
Related Works
Many studies on routing algorithms of providing end-to-end delay guarantee have been proposed. Early studies consider the delay of each hop as routing metrics and apply traditional route generating methods. [4] measures the end-to-end delay of paths and chooses the smallest one. Some other studies focus on Maximum Tolerable Delay Jitter. The definition of Delay Jitter is the difference between the upper bound and the absolute minimum of end-to-end delay [5] . The former incorporates the queuing delay at each node and the latter is determined by the propagation delay and the transmission time of a packet [6] . The transmission time between two nodes is simply the packet size in bits/the channel capacity. This metric can also be expressed as delay variance [7] . AAQR [7] provides soft guarantees of bounded delay and jitter, with the assurance of throughput. [8] focuses on providing delay-constrained routes for data sessions. SPEED [9] is another QoS routing protocol for sensor networks that pro-vides soft real-time end-to-end guarantees. The protocol requires each node to maintain information about its neighbors and uses geographic forwarding to find the paths. [10] takes MAC delay into account. The MAC delay is defined as the time used to transmit a packet from one node to another, including the buffer time and the time to acknowledge the packet. This provides a good indication of the amount of traffic at the relevant nodes.
The referenced studies focus on routing algorithms to minimize the end-to-end delay, some of them take other routing metrics into account, such as throughput, packet loss rate, etc. However, these studies ignore the phenomenon of Pay Bursts Only Once, and the primary cause is maximum delay or average delay used in these studies cannot sufficiently indicate the influence of the network over time.
Backgrounds on Network Calculus
As mentioned before, maximum delay or average delay cannot lead to a precise endto-end delay of a route, so we must find another tool to represent the network. Network Calculus is the tool to analyze flow control problem in networks with particular focus on determination of bounds on worst case performance. It has been successfully applied to calculate network performance, such as delay and throughput. Network calculus is also considered as a system theory for deterministic queuing system. Network calculus focuses on quantitated worst case while traditional queuing theory on average case or equilibrium behavior.
Some basic theorems are provided, whose details can be found in [3] . Theorem 1. Delay Bound. Assume a flow ( ) R t , constrained by arrival curve α , traverses a system S that offers a service curve β . At any time t, the delay ( )
h α β is also called horizontal deviation between α and β . r r r r r < < < < . The concatenation of the two functions is shown in (c), which is obtained by putting end-to-end pieces of segments from r 1 to r 5 .
A Routing Algorithm under PBOO Phenomenon
As mentioned before, a phenomenon called the Pay Bursts Only Once is known that the end-to-end delay is always smaller than the sum of delay of every hop of the route. This phenomenon can be well explained by network calculus with the help of Theorems in Network Calculus. Consider the concatenation of two nodes offering each a rate-latency service curve 
.
We assume the arrive curve is concave and the service curves are convex, which is an usual assumption in real networks. Even if the arrive curve is not fulfilled, the arrival curve can always be replaced by its sub-additive closure [3] . For the sake of the convenient calculation, we assume the arrival curve and the service curves are piecewise linear, like β in Figure 2 . Now, let us take a deep look into PBOO phenomenon. The delay through one node has a part of the delay due to the burst of the input flow. We see that D 1 +D 2 contain twice the burst delay, whereas D 0 contains it only once. We sometimes say that "we pay bursts only once". We see that this increase of burstiness does not result into an increase of the overall delay. From the analyzing of PBOO phenomenon; we can see the reason why traditional routing algorithms based on delay of every hop cannot work well under PBOO phenomenon. Next, we go through some mathematical derivation, from which we can generate a new routing algorithm.
First, we re-define the mathematic term tangency of a line to a piecewise linear curve. The tangent line is a geometric line that touches the piecewise linear curve at one point or a piece of segment but does not intersect it. As showed in Figure 2 , two lines with slope k and k' are both the tangent line of piecewise linear curve. combine the given path P.
According to previous discussion, the maximum delay of the path is the horizontal deviation between α and β , which can be expressed as the horizontal distance between two parallel lines who are the tangent line of α and β , respectively. For a given slope k, we use Since we have the assumption of piecewise linear curves, k must be one of the slopes of piecewise segments of α and β , which we call , K α β for convenience.
As discussed before, the goal of minimizing the bound of delay is , where |AO| can be compute directly depending on slope k and arrival curveα . From Theorem 3, we know that |OB|=|OB e1 |+|OB e2 |+…+|OB ep |, where B i is the intersection of line l i that is tangent to i β and has the slope of k. We can get |OB| by employing classic Dijkstra algorithm with a graph G' with the same topology but the edge of which is |OB i |. Thus, we can get a path with minimal delay bound under slope k. Going through that minimal delay bound for every k in , K α β , the minimal delay can be found.
Evaluations
The evaluation is implemented under the toolbox for network calculus. The toolbox offers a class containing some function which are often used in network calculus, and closed operations of piecewise affine functions. The can be finitely described which enables people to propose some algorithms for each of the Network Calculus. The implementations are tested on a multi-hop hub-based sensor network with 6 nodes. The assumption hub-based means the network has a gateway as manager (such as WirelessHART, WIA-PA [11] , etc.), and implies a centralized routing algorithm can be employed such as Dijkstra algorithm. The topology is shown in Figure 4 , which is an acyclic graph. The routing flow has a source node 1 and a destination node 6. The edges indicate the transmitting capacity, which are described as piecewise linear functions. , the unit of time is timeslot and the unit of flow is packet (one timeslot of a typical sensor network such as Zigbee or WIA-PA is 15.625ms and the maximum size of one packet is 127 bits).
We implement the algorithm introduced in section 4 and a minimal delay algorithm as comparison. The minimal delay algorithm computes the maximum delay of each edge and generates a route with minimal end-to-end delay using Dijkstra algorithm. The result is showed in Figure 5 , where the red solid line implies the delay of first 30 packets in minimal delay algorithm and the black dotted line reveals the situation in our algorithm. The route of our algorithm is Route 1: A->C->E->F, with delay bound 18 timeslots (dotted line). The comparison algorithm generates Route 2: A->C->D->F, with end-to-end delay bound 19 timeslots (solid line). Considering we have 7 8 β β = , so the difference between Route 1 and Route 2 is the choice of β . This is a numerical example of Pay Bursts Only Once phenomenon. From discussion before, we can tell our algorithm can deal well with PBOO phenomenon, while traditional algorithms cannot.
Conclusions
Network Calculus is a powerful tool to analyze the performances in communication networks. In Previous work, the phenomenon of Pay Bursts Only Once has been introduced and can be explained well with Network Calculus. However, routing algorithms do not consider the influence of PBOO phenomenon and cannot get the minimal end-to-end delay. We provide an algorithm which can generate the minimal delay route under PBOO phenomenon, by considering the route as a concatenation system rather than separate systems. The disadvantage of our algorithm is the time complexity is higher than traditional algorithms. Our future work will focus on reducing the time complexity and extend the algorithm to multi-path for increasing route reliability.
